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ABSTRACT 

Aims. We selected two radio quasars (11036+1326 and 11353+5725) based on their 1.4-GHz radio structure, which is dominated by 
a bright central core and a pair of weaker and nearly symmetric lobes at ~10" angular separation. They are optically identified in 
the Sloan Digital Sky Survey (SDSS) at spectroscopic redshifts z > 3. We investigate the possibility that their core-dominated triple 
morphology can be a sign of restarted radio activity in these quasars, involving a significant repositioning of the radio jet axis. 
Methods. We present the results of high-resolution radio imaging observations of 11036+1326 and 11353+5725, performed with 
the European Very Long Baseline Interferometry (VLBI) Network (EVN) at 1.6 GHz. These data are supplemented by archive 
observations from the Very Large Array (VLA).We study the large- and small-scale radio structures and the brightness temperatures, 
then estimate relativistic beaming parameters. 

Results. We show that the central emission region of these two high-redshift, core-dominated triple sources is compact but resolved at 
~10 milli-arcsecond resolution. We find that it is not necessary to invoke large misalignment between the VLBI jet and the large-scale 
radio structure to explain the observed properties of the sources. 

Key words, radio continuum: galaxies - galaxies: active - galaxies: jets - quasars: general - quasars: individual (11036+1326) - 
quasars: individual (11353+5725) 
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in , Active galactic nuclei (AGNs) are believed to be powered by A modest fraction of ^GNs exhibit triple structures at 

OO ■ mass accretion onto supermassive (from -10 up to -10 M ) „ 1Q „ lal ation with faM ^ nearl symme tric extended 

§ ^ k h0leS ' ^wever, only a small fraction of them (less than lobeSi and relativel bri ht act cores We cal] these core . 
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r-H . a radio-loud quasar is -10 6 yr, so the radio jet activity can be ^ of thefje m ^ unresolved (< yt) in the 

> , regarded as intermittent in the whole lifetime of an object. NRA( fl y Large Array ( VLA) Faint Images of the Radio 

We use the term restarted activity for a re-occurence of m- S ky at Twenty-centimeters (FIRST) survey (White et al. 1997) 

dw activity over the lifetime of a source. This can involvejnter- flt j 4 GHz In a j 4 _ GHz yLA ima { & of a lete 

b , ruption and re-ignition of the radio activity (Kaiser et al. 2000), flux . densit limited s a le of power ful core-dominated sources 
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a complete cessation of the radio activity (Schoenmakers et al. found ^ Jess than 1Q% of ±e SQmcss showed similar ^ 

| uuud| ). structures below z~1.5. No CDTs were found above this redshift 

The most spectacular examples of recurrent activity in radio- among their 87 source s 

loud AGNs demonstrate rare = double-double (e.g. Lara^al. ' The CDT ^ begn interpreted as a possible signa . 
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1999; Schoenmakers et al. 2000a, 2000b; Kaiser et al. 2000) ture of once ceased and then restarted actiyi It could be CQU . 

or triple-double (Brocksopp et al. 2007 ) radio galaxies. In these led whh ±Q itioni of the central radio jet axis (Mare cki 

objects, the inner and outer pairs of lobes have a common cen- et a , 2QQ6) A lausible explanation is that new Mailing mate- 

tre and are generally well aligned (within 8 ). The only double- rfal fmm ^ a , r ^ the re . occurence of ac . 

double radio quasar candidateto date, 4C02.27, has been iden- cretion The s couM eventuall result m the m of the 

tined by Jamrozy et al. (2009). A recent review of recurrent 

activity in AGNs, along with a list of known double-double ■ The National Radio Astronomy Observatory (NRAO) is a facility of 

sources has been published by Saikia & Jamrozy (2009). The the National Science Foundation operated under cooperative agreement 

two highest redshift objects known with confirmed episodic ac- by Associated Universities, Inc. 



2 



D. Cseh et al.: Radio interferometric observations of two core-dominated triple radio sources at z > 3 



central supermassive black holes. The coalescence of the black 
holes might cause a sudden flip in the black hole spin, conse- 
quently in the orientation of the jet axis (e.g. Merritt & Ekers 
2002; Gergely & Biermann 2009). The jet reorientation could 
also be caused by the precession of the spin axis. According to 
the standard unified model of radio-loud AGN (Urry & Padovani 
119951 ). emission from relativistic jets pointing close to ourline of 
sight will be Doppler-boosted. A change in jet orientation thus 
may lead to an observed increase in core dominance. Very Long 
Baseline Interferometry (VLBI) can provide information on the 
milli-arcsecond scale (mas) properties of these compact jets. 

When an extended radio source lacks fuelling from the cen- 
tral engine, it may eventually become an ultra-steep-spectrum 
source (Rottgering et al. 1 19941 De Breuck et al. 120001 ) . Deep, 
low-frequency surveys that are sensitive to this diffuse emis- 
sion have not provided clear signatures of earlier activity cycles 
(Cohen et al. 120031 Mack et al. 120051 Sirothia et al. 120091 ). This 
suggests that restarted activity is a rather rare phenomenon. 

Here we report on radio-interferometric observations of two 
high-redshift quasars, J1036+1326 (z = 3.10) and J1353+5725 
(z = 3.46). We observed these sources with the European VLBI 
Network (EVN) at 1.6 GHz. We compared their high-resolution 
radio images with those obtained from archive VLA data on 
the arcsecond scale. In Sect. [2] we describe the selection of 
the two target sources. In Sects. [3] and [4] we present our ob- 
servations and describe the radio properties of the two quasars. 
Finally, we estimate the viewing angles and analyse the source 
parameters in the context of possibly restarted activity (Sect. [5]). 
Throughout this paper we assume a cosmological model with 
H = 70 km s _1 Mpc" 1 , Q m =0.3, and Q A =0.7. 



2. Target selection 

We searched for those compact, high-redshift (z > 3) radio 
sources that are unresolved (< 5") in the FIRST survey cat- 
alogueQ (White et al. 119971 ). that have an integral flux density 
S 1.4GHz > 20 mJy, and that are optically identified with quasars 
in the Sloan Digital Sky Survey] (SDSS). Their spectroscopic 
redshifts were taken from the 4th edition of the SDSS Quasar 
Catalog (Schneider et al. 2007 ) which consists of objects in the 
SDSS 5th Data Release (DR5). The ultimate goal was to define a 
sample of radio-loud, optically identified, high-redshift quasars 
that are good candidates for VLBI imaging observations. Earlier 
experience gained from the Deep Extragalactic VLBI-Optical 
Survey (DEVOS; Mosoni et al. 120061 Frey et al. 120081 suggests 
that the majority (nearly 90%) of the carefully pre-selected com- 
pact FIRST-SDSS objects show compact mas-scale radio emis- 
sion and thus are suitable targets for VLBI imaging observations 
at centimetre wavelengths, regardless of spectral index. 

We found two peculiar objects (J1036+1326 and 
J1353+5725) in the sample of ~100 compact high-redshift 
radio quasars selected using the method above. Although they 
are catalogued as close pairs of separate, unresolved sources in 
FIRST, the analysis of archival 1.4-GHz VLA A-array images 
clearly revealed extended triple structures (see Sect. [3]). Both of 
the bright quasars are associated with weaker two-sided radio 
lobes; i.e., they satisfy the criteria for CDT sources. We did not 
apply any selection based on the radio spectrum. 



2 http://sundog.stsci.edu 

3 http://www.sdss.org 



3. Observations and data analysis 

3.1. VLA observations 

The quasar J1036+1326 was observed with the VLA on 1991 
July 8 (project code: AT126). The source J1353+5725 was ob- 
served on 1991 June 29 (project code: AR250). For both experi- 
ments, the array was in its most extended A configuration, which 
provided angular resolution of l"-l'/6. The observing frequency 
was 1.4 GHz. The total on-source integration times were 16 min 
and 2.5 min for J1036+1326 and J1353+5725, respectively. The 
data sets were obtained from the NRAO Data ArchiveQ For 
spectral information, we also obtained and analysed archive 8- 
GHz VLA observations of J1036+1326 (project AR415; 1999 
August 9) and 5-GHz VLA observations of J1353+5725 (project 
AW748; 2008 October 15). The on-source integration time in 
these two last experiments were 1 min and 9.5 min, respec- 
tively. The data calibration was performed using the NRAO 
Astronomical Image Processing System (AIPS; e.g. Greisen 
2003 ) in a standard way. The 1 .4-GHz VLA images of the two 
sources are shown in Figs. Q] and [2] 

3.2. EVN observations 

To check whether the VLA cores of J1036+1326 and 
J1353+5725 are resolved (for example, show a small separa- 
tion double structure, thus indicating a restarting AGN activ- 
ity) or unresolved (thus showing evidence of a compact jet) 
on 10 milli-arcsecond scales, we carried out EVN observa- 
tions at 1.6 GHz. The 6-hour observations were accommo- 
dated in the 2009 September 10-11 e-VLBI run. The data were 
transferred from the telescopes in real-time to the EVN Data 
Processor at the Joint Institute for VLBI in Europe (JIVE) in 
Dwingeloo, the Netherlands (Szomoru 2008). The participating 
VLBI stations were Effelsberg (Germany), Jodrell Bank Lovell 
Telescope, Cambridge (United Kingdom), Medicina (Italy), 
Toruh (Poland), Onsala (Sweden), Sheshan (PR. China), and 
the phased array of the Westerbork Synthesis Radio Telescope 
(WSRT; The Netherlands). The total aggregate bitrate per station 
was 512 Mbps. There were eight 8 MHz intermediate frequency 
channels (IFs) in both left and right circular polarisations. 

The sources were observed in phase-reference mode. This 
allowed us to increase the coherent integration time spent on the 
target source and thus to improve the sensitivity of the observa- 
tions. Phase-referencing involves regularly interleaving observa- 
tions between the target source and a nearby, bright, and compact 
reference source (e.g. Beasley & Conway 1995 ). The delay, de- 
lay rate, and phase solutions derived for the phase-reference cal- 
ibrators (J1025+1253 and J1408+5613 in our experiment) were 
interpolated and applied to the respective target within the target- 
reference cycle time of 7 min. The target source was observed for 
5-min intervals in each cycle. The total accumulated observing 
time on each target source was 1.6 hours. 

The AIPS was used for the VLBI data calibration follow- 
ing standard procedures (e.g. Diamond 1995). The visibility am- 
plitudes were calibrated using system temperatures and antenna 
gains measured at the antennas. Fringe-fitting was performed for 
the calibrator sources using 3-min solution intervals. The cali- 
brated visibility data were exported to the Caltech Difmap pro- 
gram (Shepherd et al. 1 19941 ) where the VLBI images (Fig. [30) 
were made after several cycles of CLEAN and phase-only (later 
amplitude and phase) self-calibration iterations. 



4 http://archive.nrao.edu 
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Fig. 1. The naturally- weighted 1.4-GHz VLA A-array image of 
J1036+1326. The first contours are drawn at ±0.25 mJy/beam. 
The positive contour levels increase by a factor of 2. The peak 
brightness is 48 mJy/beam. The Gaussian restoring beam dis- 
played in the lower-left corner is 1'.'6 x 1'.'5 (full width at half 
maximum, FWHM) at a major axis position angle PA=17°. 
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Fig. 2. The naturally- weighted 1.4-GHz VLA A-array image of 
J1353+5725. The first contours are drawn at ±0.6 mJy/beam. 
The positive contour levels increase by a factor of 2. The peak 
brightness is 172 mJy/beam. The Gaussian restoring beam is 
l'.'2x l'.'0atPA=-29°. 



4. Results 

Observing in phase-reference mode allowed us to determine 
accurate coordinates of the target sources. For J1036+1326, 
we obtained right ascension 10 h 36 m 26 s !88565, declination 
+ 13°26'51'.'7598 with an error of 1 mas. For J1353+5725, we 
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Fig.3. The 1.6-GHz VLBI image of the core of J1036+1326. 
The first contours are drawn at ±0.71 mJy/beam. The positive 
contour levels increase by a factor of 2. The peak brightness is 
50 mJy/beam. The Gaussian restoring beam is 33 mas x 6 mas 
atPA=12°. 
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Fig. 4. The 1.6-GHz VLBI image of the core of J1353+5725. 
The first contours are drawn at ±1.7 mJy/beam. The positive 
contour levels increase by a factor of 2. The peak brightness is 
197 mJy/beam. The Gaussian restoring beam is 21 mas x 4 mas 
atPA=12°. 

obtained 13 h 53 m 26 s .03368, +57°25'52'.'9097 with an error of 2 
mas. 

The angular extent of the large-scale 1.4-GHz radio struc- 
ture of J1036+1326 (Fig. [TJ is 15'.'8, which corresponds to a 
projected linear size of -120 kpc at z — 3.10. For the quasar 
J1353+5725 (Fig. the angular size is 12'.'23, and the linear 
size is ~90 kpc at z = 3.46. 
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Table 1. Observed and derived parameters of the two quasars 
from the VLA measurements 



Name 


Component 


S 1.4 GHz 


S 5/8 GHz 


a 






[mJy] 


[mJy] 




J1036+1326 


Core 


50.4+1.1 


62.6+1.3 


+0.1 




North 


27.8±0.6 


2.9+0.2 


-1.2 




South 


13.0±0.4 


1.7±0.2 


-1.1 


J1353+5725 


Core 


177.9±3.6 


144.9±2.9 


-0.2 




North 


18.6±0.7 


3.9+0.5 


-1.3 




South 


94.0±2.0 


20.9+0.7 


-1.3 



S 1.4GHz is the flux density at 1.4 GHz (in the L band), while Ss/sghz 
denotes the 8 GHz (X-band) flux density in the case of J1036+1326, 
and the 5 GHz (C-band) flux density in the case of J1353+5725. 



Table 2. Observed and derived parameters of the two quasar 
cores from the EVN measurements 



To place approximate limits on the expansion speed and the 
viewing angle we used 

/3cos<p = (R-l)/(R + l), (2) 

where ft = u/c is the velocity of the plasma blob {u) expressed 
in the units of the speed of light (c), and <p is the angle between 
the approaching jet direction and the line of sight eg. (Taylor & 
Vermeulen [TW7l 

We can thus derive a lower limit to ft (because cos0 < 1), 
and an upper limit to <p (because ft < 1). For J1036+1326, the 
constraints (<p\ < 86° and ft\ > 0.07) are not very strict, but for 
J1353+5725 (4> 2 < 73° ft 2 > 0.30) they are more meaningful. 
In particular, from the arm-length ratio alone, we can infer that 
there is mildly relativistic motion in the case of J1353+5725. 
This method is valid regardless of the specifics of the jet model. 
It remains valid for the spots or discrete blobs in the head of the 
jet created by shocks (Schoenmakers et al. 2000b) and for pairs 
of unequally-sized edge-brightened lobes of an FR-II morphol- 
ogy (Fanaroff & Rilev fT974l l. 



Name 


Redshift* 


S 1.6GHz [mJy]** 


& [mas] 


r„[K] 


J1036+1326 


3.10 


58.1+2.9 


4.7 


5 x 10" 


J1353+5725 


3.46 


231.1+11.6 


2.2 


1 x 10" 



*4th edition of the SDSS Quasar Catalog (Schneider et al. 12007b 
**errors correspond to 1-tr 



To characterise the source brightness distributions on the 
VLA scale with simple models, we used Difmap to fit circular 
Gaussian model components to the self-calibrated interferomet- 
ric visibility data. The flux density of the best-fit model compo- 
nents are listed in Table [TJ along with two-point spectral indices 
derived from the flux densities measured at different frequencies. 
The spectral index (a) was calculated by assuming a power-law 
dependence of the flux density (S ) and the observing frequency 
(v): S ~ v° '. The flux density errors were estimated following 
the approach by Fomalont (1999) and correspond to 1-cr. The 
1-cr error of the spectral indices is less than 0.05. 

In Table [2] we list the parameters of the circular Gaussian 
models (flux density, size) fitted to the 1 .6-GHz EVN visibility 
data in Difmap. We also derived the brightness temperatures ac- 
cording to the following formula (e.g. Condon et al. 1982): 

7/ b = 1.22xl0 12 (l+z)^ [K] (1) 

where S is the flux density (Jy), v is the observed frequency 
(GHz) and # the FWHM size of the Gaussian (mas). 

5. Discussion 

5.1. Large-scale morphologies and viewing angles 

In order to investigate whether the large-scale morphology is 
dominated by beamed or unbeamed emission, we estimated the 
arm-length ratio. The latter corresponds to the light travel time 
for the radio emission morphological components on the ap- 
proaching and receding sides. We assumed that the observed 
arm-length ratios are the result of relativistic motions over the 
lifetime of the sources rather than the difference in the envi- 
ronment on the two sides. The 1.4-GHz VLA images (Figs. [TJ 
and |2]i allowed us to determine the arm-length ratios (R) of the 
north and south components. For the sources J1036+1326 and 
J1353+5725, weget^i = 1.15 and R 2 = 1.84, respectively. 



5.2. Small-scale morphologies and viewing angles 

As a starting hypothesis, we assume that the inner radio jets that 
remain compact with VLBI (Figs.[3]and[4]l are well aligned with 
the ~100-kpc scale radio structure we see in the VLA images 
(Figs. [TJ and Using the range of the allowed viewing an- 
gles (<p\ < 86° and <p 2 < 73°) estimated above, we can calcu- 
late the Doppler boosting factors (<S) and compare the expected 
brightness temperatures with our measured values (Table [2] 
Column 5), in order to determine whether we need to introduce 
large misalignments to describe the observed morphology. 

The observed and intrinsic brightness temperatures are re- 
lated as 

S = T h /T bM , (3) 

where 6 is the Doppler factor. Here we assume a typical in- 
trinsic brightness temperature of 7b,i„t - 5 x 10 ll) K, which is 
valid if energy equipartition holds between the magnetic field 
and the particles in the radio source (Readhead 1994). We obtain 
Doppler factors 8\ =0.1 (which in fact means de-amplification) 
and 6 2 = 2 for J1036+1326 and J1353+5725, respectively. 
The Doppler boosting factor can be expressed as 



F(l -/3cos0)' 

where the Lorentz factor is F = (1 - ffy 1 ^ 2 . 

For J1036+1326, 6i = 0.1, and even the possible maximum 
value of 4>\ - 86° can be made consistent if the bulk speed in the 
inner jet is ft\ nn = 0.9957. It would correspond to a Lorentz factor 
F =i 11, a value often measured in other radio-loud AGNs (e.g. 
Lister et al. 2009 ). However, models of the inner jet with much 
higher Lorentz factors, hence smaller viewing angles, should be 
considered because of the quasar identification of the source. If 
we allow for a very high F 30, the misalignment would be 
~40°. For comparison, the largest measured misalignment be- 
tween the inner and outer lobes in 3C293, a double-double radio 
galaxy, is ~35°, although this is higher than the typical values 
(Saikia & Jamrozy 2009 and references therein). In our case, 
the pc-scale structure detected is insufficient for making defini- 
tive conclusions about alignment of pc- and kpc-scale structures. 

In the case of J1353+5725, the measured Doppler factor 
(5 2 = 2) implies a maximum of 30° for the viewing angle be- 
cause sm<f> < 1/6 (e.g. Urry & Padovani 1 19951 1. Thus we cannot 
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assume (p2 — 72° for the inner jet, i.e. we cannot use the same 
approach as in case of the first source. We can construct a set of 
reasonable physical and geometric parameters which does not 
require jet repositioning and is fully consistent with our obser- 
vations. On the other hand, the largest possible misalignment 
could reach about 70°. 

In addition, we can set a boundary for the outer ft parame- 
ter by considering the outer structure as an FR-II, since the hot 
spot advance speeds for high-luminosity FR-II radio galaxies is 
P < 0.3 (e.g. Liu et al. 1T9921 O'Dea et al. [20091 . Even if we 
use this boundary, we can explain the source without any mis- 
alignment; e.g., if the approaching inner and outer jets are both 
inclined by (f> = 20° to the line of sight, then a bulk jet speed 
Ann = 0.9903 would be consistent with the measured Doppler 
factor in the inner region (Eq.[4j. The corresponding Lorentz fac- 
tor is T si 7. On the other hand, p oul = 0.31 and <p = 20° would 
be consistent with the observed arm-length ratio (Eq. [2]) of the 
outer structures of J1353+5725 where the jet flow most likely 
becomes mildly relativistic. Therefore, the observed morpholo- 
gies do not require invoking the concept of jet repositioning, 
although our data cannot rule out the possibility of misaligned 
inner and outer structures. 

5.3. The radio spectra 

We obtained a two-point radio spectral index of each compo- 
nent in our VLA images (Figs.[T]and|2]i and listed in Column 5 
of Table [TJ In general, the steep spectra of the outer compo- 
nents (a ^ -1.2) may indicate radiative losses. The steep- 
spectrum sources are good candidates for finding fossils from 
earlier episodic activity (Sirothia et al. 120091 1. However, it is 
not convincing that we see relic lobes in the present case, be- 
cause, at least for J1036+1326, there is a clear indication of a 
jet-like feature connecting the core and the northern lobe in the 
VLA image (Fig. Q]). In addition, the core dominance of these 
sources is somewhat expected at high redshift because the rel- 
atively high emitted (rest-frame) frequency is ( 1 + z) times the 
observing frequency. Considering the steep spectra of the radio 
lobes (Table [1), if one places these sources at e.g. z — 0.5, then 
the (observed) 1 .4-GHz flux density of the brighter lobes in these 
objects would far exceed that of the flat-spectrum core. 

6. Conclusions 

We used radio interferometric imaging observations to study the 
structure of two high-redshift quasars, J1036+1326 (z = 3.10) 
and J1353+5725 (z = 3.46). Archive VLA data show that the 
sources are extended to ~100 kpc projected linear sizes. They 
are dominated by a bright central core and a pair of weaker and 
nearly symmetric lobes. On the other hand, EVN observations 
at angular resolution that is almost three orders of magnitude 
higher confirmed that the central jets are compact, at least on 
~10 pc linear scales. CDT sources are sometimes interpreted as 
examples of once ceased and then restarted radio-loud AGNs. 
It has been claimed that the reignition of their central engine 
could be coupled with a change in the spin axis of the central 
accreting, supermassive black hole, hence with the repositioning 
of the radio jet direction. 

We described a general method for testing the misalign- 
ments between the small- and large-scale structures of triple ra- 
dio sources, using VLA and VLBI imaging observations. We 
applied this method for two CDT quasars at high redshift (z > 
3), J1036+1326 and J1353+5725. There is no evidence that 
their morphology would require any misalignment between their 



characteristic inner and outer radio structures, although mis- 
alignments cannot be ruled out by our data. 

Considering the radio spectra of the sources we concluded 
that the core-dominance of these sources can be explained by 
their high redshift. The relatively high emitted frequency is ( 1 +z) 
times the observing frequency. Taking the steep spectra of the 
radio lobes into account, if placed to z - 0.5, the 1.4-GHz flux 
density of the brighter lobes in these objects would far exceed 
that of the flat-spectrum core. 
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